Pseudomonas aeruginosa uses a type III secretion system to deliver toxic effector proteins directly into host cells and alter host protein functions. Exoenzyme S (ExoS), a type III effector protein, ADP-ribosylates Rab5 GTPase and impairs early phagocytic events in macrophage cells. In this study, we tested the hypothesis that Rin1, a Ras effector protein and Rab5 guanine nucleotide exchange factor, generates an intrinsic Rab5 activity cycle during phagocytosis of live P. aeruginosa; thus, allowing proper phagocytic killing. We found that Rab5 activity was attenuated at a very early time point (2.5 min) of the phagocytic process of live but not of heat-inactivated P. aeruginosa. However, upon overexpressing Rin1 in macrophages, the Rab5 activity sustained for a prolonged time (,20 min) counteracting the negative effects during phagocytosis of live P. aeruginosa. Ras, also a substrate of the ADP-ribosyltransferase activity of ExoS, remained active during the early events of phagocytosis of live as well as heat-inactivated P. aeruginosa. Further examinations revealed that the Rin1 : Vps9 domain (the Rab5 nucleotide catalytic domain) and the Rin1 : RA domain (the Ras association domain of Rin1) are both required for optimal Rin1 function. Finally, the time-based analysis of the ADP-ribosylation status of Rab5 and Ras obtained from this study was consistent in the context of the regulation of (i) Rab5 activity by Rin1 : Vps9 domain and (ii) Ras interaction with Rin1 via the Rin1 : RA domain. These observations highlight a novel crosstalk between Rin1-Rab5 and Rin1-Ras complexes that offsets the anti-phagocytic effects of ExoS in macrophages.
INTRODUCTION
A hallmark event during the process of phagocytosis is the recruitment of regulatory protein, GTPase (active GTP-bound Rab5), on to the nascent phagosomes for vesicle trafficking and sorting (Bucci et al., 1992; AlvarezDominguez & Stahl, 1999; Roberts et al., 2000) . Invasive bacterial pathogens often manipulate Rab5 GTPases to subvert the host defence (Brumell & Scidmore, 2007; Alix et al., 2011) . Opportunistic pathogen Pseudomonas aeruginosa selectively commandeers Rab5 activity and inhibits phagocytosis (Mustafi et al., 2013; Rangel et al., 2014) . A key step in the regulation of Rab5 GTPases is activation by guanine nucleotide exchange factors (GEFs) (Carney et al., 2006) . Ras interference 1 (Rin1) acts as a Rab5-GEF in endocytosis (Burd et al., 1996; Horiuchi et al., 1997; Tall et al., 2001 ) and promotes early endosome fusion (Galvis et al., 2009a) . Previously, we have established that overexpression of Rin1 in macrophage cells can partially rescue the anti-phagocytic effects during invasion by P. aeruginosa and facilitate Rab5-mediated active phagocytic killing (Mustafi et al., 2013) . Also, a recent report revealed that Rin1 is critical to Listeria monocytogenes for entering the phagosome during infection (Balaji et al., 2014) . Rin1 possesses putative Vps9 catalytic domains and a Ras association (RA) domain (Colicelli et al., 1991; Han & Colicelli, 1995; Ponting & Benjamin, 1996) . Both in vitro and in vivo, Rin1 interacts with the GTP-bound form of Ras via the RA domain and directly competes with Ras effector Raf-1 for active Ras (Han & Colicelli, 1995; Han et al., 1997) . Rab5 activation during endocytosis has also been linked to the Ras signal transduction pathway (Li et al., 1997; Barbieri et al., 1998) . Simultaneously, Ras activation resulted in Rab5-dependent stimulation of endocytosis and an increase in endosomal size (Roberts et al., 2000) . It was also reported that Ras-mediated interaction of Rin1 stimulates Rab5-dependent endocytosis (Tall et al., 2001; Balaji & Colicelli, 2013) . The Ras protein is involved in actin polymerization and phagocytic cup formation (Sasaki et al., 2007; Kortholt & van Haastert, 2008; Botelho et al., 2009; Clarke et al., 2010) . Alveolar macrophages, when first encountering P. aeruginosa during the process of lung infection, sense the bacterium and trigger an innate cellular response through a MyD88-dependent pathway that is upstream of Ras signalling (Raoust et al., 2009; Coste et al., 2010) . Ras protein is a target of P. aeruginosa virulence . Even though both the Ras wild-type and a GTP-hydrolysisdefective mutant were ADP-ribosylated by P. aeruginosa type III effector ExoS , only the GTP-hydrolysis-defective mutant protected cells from ExoS-induced apoptosis, emphasizing the importance of Ras activity to combat P. aeruginosa-mediated cellular destruction (Jansson, 2006) .
In this study, we have revealed that the C-terminus of Rin1, which contains both RA and Vps9 domains, is critical for rescuing the phagocytic activity otherwise impaired by ExoS during P. aeruginosa-macrophage interaction. The ADP-ribosylation of Rab5 initiates, but not the ADPribosylation of Ras, at the early time points of phagocytosis, which in part could be responsible for diminishing the Rab5 GTP-bound form in macrophages. However, in macrophages overexpressing Rin1 protein, the Rab5 GTP-bound form was restored, and Rin1-Ras interaction was observed during the early time points during invasion by P. aeruginosa. Therefore, the dual property of Rin1 as a Ras effector and a Rab5-GEF aids in the improvement of incapacitated phagocytic properties in macrophages during P. aeruginosa invasion.
METHODS
Materials. All chemicals and reagents were purchased from SigmaAldrich, unless otherwise indicated. Primary and secondary antibodies used in immunoblotting were purchased from Cell Signaling Technology. Culture supplies were purchased from Invitrogen Life Technologies.
Cell culture. The J774 E-clone mouse macrophages were kindly provided by Dr Philip Stahl (Washington University, St Louis, MO, USA) and were maintained as described previously (Barbieri et al., 2003) . Briefly, they were maintained under a 5 % CO 2 atmosphere in Dulbecco's minimum essential medium (DMEM), supplemented with 10 % heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, 100 units penicillin ml 21 and 100 mg streptomycin ml
21
. Platinum-E retroviral packaging cell line (Plat-E cells) were purchased from Cell Bio Laboratories, and maintained in DMEM, 10 % FCS, 1 mg puromycin ml 21 , 10 mg blasticidin ml
, 100 units penicillin ml
and 100 mg streptomycin ml 21 .
Bacteria strains. P. aeruginosa PAO1 strains (derivative of original Australian isolate PAO) were provided by Dara Frank (University of Wisconsin, Milwaukee, WI, USA). A PAO1 strain expressing green fluorescent protein (GFP) (a kind gift from Dr Matthew Parsek, Washington University, St Louis, MO, USA) was used in microscopic studies. Bacteria were grown at 37 uC in Luria broth with appropriate antibiotics. Prior to the phagocytosis assay, bacteria were grown to late-exponential phase and diluted to a concentration of 10 7 c.f.u. ml 21 , and added to cells at the indicated m.o.i.
Construction of recombinant pMX-puro retroviruses and cell lines. The cDNAs of Rin1 full-length (Rin1 : FL), Rin1 : N (amino acids 1 to 293), Rin1 : C (amino acids 293 to 783), Rin1 : Vps9 (amino acids 293 to 658) and Rin1 : RA (amino acids 452 to 783) were subcloned into the pMX-puro vector as previously described (Barbieri et al., 2003) . The Rin1 : Y561F and Rin1 : R629A point mutations were also subcloned into the pMX-puro vector as previously described (Galvis et al., 2009b) . The cDNAs were used in FuGENE 6-mediated transfection of 90 % confluent Plate-E cell monolayers to generate retroviruses encoding either PMX-puro vector only, GFP or Rin1 constructs essentially as previously described (Barbieri et al., 2003) . Macrophages expressing vector alone, GFP and Rin1 constructs were generated as described previously (Mustafi, 2013) .
Phagocytosis assay. Phagocytosis of P. aeruginosa strains was carried out essentially as described previously (Mustafi, 2013) . Briefly, P. aeruginosa labelled with Alexa Fluor 594 dye were added at a ratio of 200:1 and incubated for 30 min at 4 uC. To initiate labelled P. aeruginosa internalization, plates were placed in a 37 uC water bath for up to 60 min. After each time point, macrophages were placed on ice and washed three times with PBS, and then fixed for 20 min at room temperature using 3.7 % paraformaldehyde. After fixation, cells were washed three times with PBS, incubated with 1 % Triton X-100 at room temperature for 15 min and incubated with 49,6-diamidino-2-phenylindole (Roche Applied Science) to stain the nucleus. Coverslips were removed from the wells, washed and mounted with Mowiol fluorescence mounting medium. The number of bacteria per macrophage was enumerated at |100 magnification using a phasecontrast inverted fluorescence microscope. Two hundred macrophages were counted per slide, and each experiment was repeated three times. The phagocytic index refers to the number of bacteria inside each macrophage.
Bacterial survival assay. An antibiotic protection assay, described by Goldová et al. (2011) and Angus et al. (2010) , was used to analyse bacterial survival within macrophages. For this assay, following the indicated 30 min time of phagocytosis, macrophages were washed three times with PBS. Extracellular bacteria were killed by incubating samples with growth medium containing amikacin (400 mg ml 21 ). After washing, macrophages were incubated at 37 uC for an additional 30 min to examine bacterial survival within macrophages. Finally, macrophages were washed with PBS, lysed with 0.5 % Triton X-100, and lysates were plated on LB agar, incubated overnight and bacterial colonies were enumerated.
Cell lysis and immunoblotting. For immunoblot analysis, macrophages were washed twice with PBS and then lysed with RIPA cell lysis buffer (50 mM Tris/HCl, 150 mM NaCl, 0.1 % SDS, 0.5 % sodium deoxycholate, 1 % NP-40) in the presence of protease and phosphatase inhibitors. Lysates were collected with cell scrapers and cleared by centrifugation. Prior to SDS-PAGE, cell lysates were resuspended in SDS sample buffer [60 mM Tris/HCl, 1 % (w/v) SDS, 10 % v/v glycerol, 0.05 % (w/v) bromophenol blue, pH 6.8, with 2 % bmercaptoethanol]. Samples were subjected to SDS-PAGE and transferred to nitrocellulose membranes for immunoblot analysis. Nitrocellulose membranes were incubated with blocking solution (TBS containing 0.1 % Tween 20 and 5 % BSA) and were probed with the indicated antibodies.
Ras-Rin1 co-immunoprecipitates. Confluent cultures of macrophages, control or expressing Rin1 : FL, in 35 mm dishes were exposed to bacteria and underwent phagocytosis as described above. Ras and Rin1 : FL co-immunoprecipitation was performed essentially as described by Vincent et al. (1999) . Cells were lysed in 1 ml ice-cold co-immunoprecipitation buffer (30 mM HEPES, pH 7.5, 1 % Triton X-100, 10 mM NaCl, 10 % v/v glycerol, 1 mM EGTA, 25 mM sodium fluoride, 1 mM sodium orthovanadate, 10 mM b-glycerophosphate, 10 mM benzamidine, 0.1 mM PMSF, 10 mg aprotinin ml 21 , 10 mg leupeptin ml 21 and 10 mg trypsin inhibitor ml 21 ). The Ras proteins were precipitated for 2 h at 4 uC with 1.5 mg rabbit anti-Pan-Ras mAb (Calbiochem) and 10 ml of a 50 % slurry of protein A conjugated to Sepharose beads. Immunocomplexes were washed four times in co-immunoprecipitation washing buffer (50 mM HEPES, pH 7.5, 100 mM sodium chloride, 0.1 % Triton X-100 and 10 % v/v glycerol) and subjected to immunoblotting. Ras was immunoblotted with rabbit polyclonal antibody (Cell Signalling).
Rab5 activation assay. The activation of Rab5 protein was detected by a configuration specific mAb-based Rab5 activation kit (New East Biosciences). Briefly, macrophages were seeded at 1|10 8 cells ml
and phagocytosis was activated as described earlier.
Macrophages were then lysed with lysis buffer (New East Biosciences) according to the vendor's instructions and lysates were incubated with anti-Rab5 GTP-bound form mAb and protein A/G-agarose bead slurry according to the instructions and incubated at 4 uC for 1 h. As a control, an equal amount of lysate protein was incubated only with protein A/G agarose beads. Finally, beads were washed with lysis buffer and resuspended in sample buffer for immunoblotting using rabbit polyclonal anti-Rab5 antibody (Cell Signalling). The positive control for this experiment was GTPcS-treated macrophage lysates and the negative control was GDP-treated cell lysates prepared as per the vendor's instructions.
Ras activation assay. A Ras activation kit (Cell Signalling) was used to assay for active Ras. Briefly, macrophages were seeded at 1|10 8 cells ml 21 and phagocytosis was activated as described before. Macrophages were then lysed with lysis buffer (Cell Signalling) according to the vendor's instructions. One millilitre of lysate was incubated with Raf1-RBD agarose bead slurry (Cell Signalling) for 1 h at 4 uC, and then the beads were pelleted and washed before carrying out immunoblotting using rabbit polyclonal anti-Ras antibody (Cell Signalling). The positive control for this experiment was GTPcStreated macrophage lysates and the negative control was GDP-treated macrophage lysates prepared as per the vendor's instructions.
In vivo ADP-ribosylation assay. Ras and Rab5 ADP-ribosylated in vivo were identified by enzyme cytochemistry as published elsewhere (Bakondi et al., 2004) . Macrophages were treated with a medium supplemented with reaction buffer (56 mM HEPES, 28 mM KCl, 28 mM NaCl, 2 mM MgCl 2 , pH 8.0) complemented with 12.5 mM biotinylated NAD (R&D Systems). After 120 min incubation at 37 uC, cells were washed with PBS and infected with PAO1 for several time points, as described before, and endogenous Rab5 or Ras proteins were pulled down following a standard immunoprecipitation method. ADP-ribosylated Rab5 and Ras proteins were probed with avidin via immunoblotting, total Rab5 and Ras proteins were also probed.
Image quantification. The National Institutes of Health ImageJ64 was used to quantify Western blots after images were scanned at a greyscale amplification of 600 d.p.i. Digital images of the Western blot from macrophages were captured and loaded into ImageJ64, and Rab5-specific bands, along with a-tubulin bands, were assessed in each sample using the AnalyseRGels function, which allows for background correction. The ratio of Rab5 signal to a-tubulin was calculated for each sample and served as an index of Rab5 expression. The index of expression for other proteins examined in this study was derived in a similar manner.
Statistical analysis. All samples in this study were analysed in duplicate and each experiment was repeated three times. Values represent the mean+SEM of three independent experiments. To compare two groups, Student's t-test was used and Pv0.05 was considered as statistically significant.
RESULTS
Rab5 ADP-ribosylation and inactivation occurred shortly after internalization of live P. aeruginosa, whereas Rin1 overexpression stabilized Rab5 in the GTP-bound form Rab5 regulates early endosome-phagosome fusion during the phagocytosis process (Horiuchi et al., 1997; Roberts et al., 2000; Allen et al., 2002; Arora et al., 2005) . It has been established that heat-inactivated P. aeruginosa is rapidly and efficiently internalized, whereas live P. aeruginosa is poorly internalized due to diminished interaction between Rab5 and Rab5 effector, EEA1; thus, resulting in disruption of vesicle trafficking (Mustafi et al., 2013) . To further examine the modulation of Rab5 function by live P. aeruginosa, we recorded Rab5 activity, as well as the ADP-ribosylation status of endogenous Rab5, in a timedependent manner. Macrophages expressing vector alone (control) were incubated with live or heat-inactivated P. aeruginosa for various durations of time. During phagocytosis of heat-inactivated P. aeruginosa, the GTP-bound form of Rab5 was detected between 1 and 20 min of phagocytosis (Fig. 1a) . Macrophages involved in the phagocytosis of live P. aeruginosa showed a curtailed lifespan for Rab5 in the GTP-bound form. As shown in Fig. 1(b) , GTP-bound Rab5 was detected at 1 and 2.5 min of phagocytosis, but rapidly faded from 5 min onwards, about 98 + 5 % in macrophages carrying live P. aeruginosa as compared with macrophages carrying heat-inactivated P. aeruginosa.
In order to simultaneously record the ADP-ribosylation of Rab5 during invasion by P. aeruginosa, macrophages were first incubated with biotinylated-NAD supplemented media and then infected with live or heat-inactivated P. aeruginosa for phagocytosis. ADP-ribosylation of Rab5, which was later detected by immunoprecipitating endogenous Rab5 and probing with avidin on a nitrocellulose membrane, suggested that ADP-ribosylation modification of Rab5 starts at 2.5 min post-infection and peaks from 10 min onwards (Fig. 1c) .
The Rab5 directed GEF activity of Rin1, which partially reversed the inhibitory effect on phagocytosis of live P. aeruginosa (Mustafi et al., 2013) , was investigated to determine whether Rin1 expression influenced the persistence of the Rab5 GTP-bound form. First, we observed that endogenous expression of Rab5 is not affected by the expression of Rin1 (data not shown). However, we observed an increase of 1.6-fold in the Rab5 GTP-bound form in cells expressing Rin1 as compared with macrophages expressing GFP. Thus, this observation indicates that the expression of Rin1 increases the levels of the Rab5 GTP-bound form. Second, we observed that Rab5 was activated in macrophages carrying heat-inactivated P. aeruginosa in a control experiment (Fig. 2a) . Moreover, the Rab5 GTP-bound form was also detected up to the 20 min point during live P. aeruginosa phagocytosis (Fig. 2b) when macrophages expressing Rin1 : FL were incubated with both live and heat-inactivated P. aeruginosa up to 60 min and then analysed for the status of Rab5 in the GTP-bound form by using anti-Rab5-GTP mAbs. Together, these results suggest that the presence of Rin1 activates Rab5 and the Rab5 GTP-bound form remains intact and counteracts the negative consequences of live P. aeruginosa effectors.
Selective role of Rin1 domains in the internalization of live P. aeruginosa
In order to further investigate the mechanism by which Rin1 influences Rab5 to overcome the interference in its activity during phagocytosis of live P. aeruginosa, Rin1 domains were introduced separately into the macrophages. In Fig. 3(a) , we have depicted several Rin1 domains that were utilized for this study. The N-terminal region of Rin1 (i.e. Rin : N) contains an SH2 domain followed by a proline-rich region. The C-terminal region of Rin1 (i.e. Rin1 : C) contains both a Vps9 domain and an RA domain. Macrophages overexpressing Rin1 constructs were incubated with live P. aeruginosa and the rate of internalization was assessed over a period of 30 min. As shown in Fig. 3(b) , expression of Rin1 : FL and Rin1 : C proteins increased the internalization of live P. aeruginosa in comparison to GFP control cells as well as cells expressing Rin1 : N.
Following internalization, macrophages were also analysed for in vivo bacterial survival. Macrophages were incubated in P. aeruginosa-free media for an additional 30 min postphagocytosis and treated with amikacin (400 mg ml
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) for 2 h at 4 uC to kill any bacteria externally attached to the cells. Subsequently, macrophages were lysed and plated on LB agar to evaluate the viability of internalized bacterial. In Fig. 3(c) , we show that unlike internalization, the bacterial survival rate sharply decreased in cells overexpressing Rin1 : FL and Rin1 : C compared with control cells and or live (#, b) P. aeruginosa for various times (1 to 60 min) at 37 8C. Endogenous GTP-bound activated Rab5 was analysed by immunoblotting. The insets show representative immunoblots of samples probed with anti-Rab5 antibodies for total Rab5 and active Rab5, and with anti-tubulin antibodies (the control for total protein in the cell lysate). (c) ADP-ribosylation of endogenous Rab5 during phagocytosis of P. aeruginosa. Macrophages expressing vector alone were incubated with biotin-NAD supplemented media followed by infection with heat-inactivated (Hi) or live P. aeruginosa for various times (1 to 30 min) at 37 8C. Cells were then washed with ice-cold PBS, lysed and incubated with anti-Rab5 mAbs, followed by incubation with protein A/G agarose beads. After incubation, the beads were washed and Rab5 was analysed by immunoblotting with anti-Rab5 antibodies and avidin as described in Methods. Data represent the mean ¡SEM of three independent experiments. ADPr-Rab5, ADPribosylated Rab5; Pa, P. aeruginosa. cells overexpressing Rin1 : N. Together, these results suggest that in the presence of the Rin1 C-terminal region, live P. aeruginosa is rapidly internalized and degraded. Additionally, we analysed the effect of Rin1 : Vps9 and Rin1 : RA domains during the internalization of live P. aeruginosa in macrophages. Our data showed no significant impact from either of the domains on the phagocytic index; hence, neither the Vps9 nor the RA domain by itself could upregulate phagocytosis (Fig.  3d) . To obtain a better understanding about the importance of the Rin1 interaction with Rab5 and Ras during active phagocytosis of live P. aeruginosa, we used Rin1 constructs with a functional mutation in the Rin1 : Vps9 domain (Y561F) or in the Rin1 : RA domain (R629A) in the context of the full-length Rin1 (Kiel et al., 2005; Galvis et al., 2009b) . We observed a statistically significant decrease in the internalization of P. aeruginosa (w70 %) as compared with control and Rin1-expressing cells (Fig. 3e) . These observations indicate that both domains of Rin1 are critical for Rin1 function in the internalization of P. aeruginosa.
Ras is active and interacts with Rin1 in the early phase of P. aeruginosa phagocytosis Domains in Rin1 have been found to be essential for optimal Rin1 function and the RA domain of Rin1 has been found to interact with Ras in the GTP-bound form (Wang et al., 2002) . The effect of Rin1 : C in P. aeruginosa phagocytosis prompted us to further investigate the activity of Ras during macrophage-live P. aeruginosa interaction. Thus, we examined the presence of endogenous levels of Ras in the GTP-bound form in macrophages carrying out phagocytosis of live or heat-inactivated P. aeruginosa. Following the phagocytosis, macrophages were probed for active Ras as described in Methods. As shown in Fig. 4 , the GTP-bound form of Ras was detected up to 15 min and peaked from 2.5 min onwards during early phagocytosis. Interestingly, there were no significant differences in endogenous levels of Ras activation during the process of phagocytosis in heat-inactivated (Fig. 4a) or live ( Fig. 4b) P. aeruginosa. These results were also confirmed by measuring the levels of phosphorylated Erk1/2 obtained from the macrophage lysates containing either live or heatinactivated P. aeruginosa. Furthermore, we investigated the ADP-ribosylation status of Ras during the early time points of live P. aeruginosa phagocytosis. To our surprise, ADP-ribosylation of Ras was only detected 2 h post-infection (Fig. 4c) , suggesting that Ras is not ADP-ribosylated during the early step of phagocytosis of P. aeruginosa.
We also looked into Rin1-Ras interaction during live or heat-inactivated P. aeruginosa invasion by employing a pull-down method. Results showed that Rin1 : FL interacts with Ras in a time-dependent manner (Fig. 5) . The peak of interaction took place between the 1 and 5 min time intervals, suggesting that Rin1 : FL interacts with Ras protein during the early phases of phagocytosis of both the heatinactivated (Fig. 5a ) and live ( Fig. 5b) P. aeruginosa. These observations imply that Rin1 interacts with Ras during the early steps of phagocytosis of P. aeruginosa.
DISCUSSION
Activity of Rab5 has been correlated with enhanced antimicrobial properties in phagosomes (Gorvel et al., 1991; Duclos et al., 2000) . Rin1, a Rab5 directed GEF, has been found to regulate membrane trafficking and endosome fusion in co-ordination with Rab5 (Gorvel et al., 1991; Bucci et al., 1992; Tall et al., 2001; Barbieri et al., 2004; Duclos et al., 2000) . Earlier studies have shown that Rin1 Fig. 2 . Levels of endogenous GTP-bound Rab5 during phagocytosis of P. aeruginosa in macrophages expressing Rin1. Macrophages expressing Rin1 : FL were incubated with heat-inactivated P. aeruginosa (X, a) or live P. aeruginosa (#, b) for various times (1 to 60 min) at 37 8C. Endogenous GTP-bound activated Rab5 was analysed by immunoblotting as described in Methods. The insets show representative immunoblots of samples probed with anti-Rab5 antibodies for total Rab5 and active Rab5, with antiRin1 antibodies for total Rin1, and with anti-tubulin antibodies (the control for total protein in the cell lysate) as described in Methods. Data represent the mean¡SEM of three independent experiments. were then subjected to phagocytosis for various times using live P. aeruginosa and the phagocytic index was determined as described in Methods. (e) Macrophage expressing vector alone (control, &), Rin1 : FL (%), Rin1 : Y561F (X) or Rin1 : R629A (#) were subjected to live P. aeruginosa phagocytosis. Data represent the mean¡SEM of three independent experiments. Asterisks represent a statistically significant difference from the control group (P,0.05). NS, Not significant; Pa, P. aeruginosa.
depletion resulted in defective endosome fusion, which was restored by newly introduced Rin1 in orchestration with Rab5 and Rab5 effectors (i.e. EEA1) (Galvis et al., 2009a) . Rin1, as Ras effector protein, also regulates endocytosis and signalling of receptor tyrosine kinases (Barbieri et al., 2004) .
We show for, to the best of our knowledge, the first time that expression of Rin1 can partially rescue the compromised Rab5 activity during live P. aeruginosa invasion. A detailed examination of the endogenous status of Rab5 activity over a period of 30 min post-infection with heatinactivated P. aeruginosa showed a transient activation of Rab5. However, Rab5 in the GTP-bound form was detected with a significant decrease, by 98 + 5 %, at 5 min of phagocytosis for live P. aeruginosa invasion as compared with heat-inactivated P. aeruginosa. Interestingly, ADPribosylated Rab5 was also recorded at early time points of phagocytosis of live P. aeruginosa. Hence, it is reasonable to consider that Rab5 activity is diminished due, at least in part, to the ADP-ribosylation of Rab5. Consistent with these observations, it has been shown that Rab5 is ADPribosylated at multiple sites that could interfere with its activity (Fraylick et al., 2001; Simon & Barbieri, 2014) . Specifically, it was shown that ExoS ADP-ribosylates Rab5 at arginine position(s) 81, 91, 110 and 120, which are within the proximity of the Rab5 switch II region. Highly conserved switch II regions in Rab proteins may be involved with the Rab-effector, as well as Rab-GEF interactions. Hence, multi-ADP-ribosylated Rab5 may affect more than Rab5 targets (Fraylick et al., 2001) . Therefore, more work should be carried out to determine the exact mechanism of the interaction of Rin1 with ADP-ribosylated Rab5 during phagocytosis of P. aeruginosa.
Next we observed, upon expression of Rin1, elevated Rab5 in the GTP-bound form, as compared with control Fig. 4 . GTP levels of endogenous Ras during phagocytosis of P. aeruginosa in macrophages expressing Rin1. Macrophages expressing vector alone were incubated with heat-inactivated P. aeruginosa (#, a) or live P. aeruginosa (X, b) for various times (1 to 20 min) at 37 8C. Ras activation was assessed using anti-Ras-GTP antibodies as described in Methods. The insets show representative immunoblots of samples probed with antiPan-Ras antibody for GTP-bound active Ras or total Ras in the cell lysate. Total Erk (t-Erk) and phosphorylated Erk (p-Erk) in the cell lysate were also probed on immunoblots. (c) ADP-ribosylation of endogenous Ras during phagocytosis of P. aeruginosa. Macrophages expressing vector alone were incubated with biotin-NAD supplemented media, followed by infection with heat-inactivated (Hi) P. aeruginosa or live P. aeruginosa for various times (1 to 240 min) at 37 8C. Cells were then washed with ice-cold PBS, lysed and incubated with anti-Pan-Ras antibodies, followed by incubation with protein A/G agarose beads. After incubation, the beads were washed and bound Ras was analysed by immunoblotting with anti-Ras antibodies (for total precipitated Ras) and avidin-horseradish peroxidase (HRP) antibodies (for precipitated and ADP-ribosylated Ras) as described in Methods. The inset shows a representative immunoblot of samples probed with anti-Ras and anti-Erk antibodies for total proteins, and with avidin-HRP antibodies for ADP-ribosylated Ras. Data represent the mean¡SEM of three independent experiments. ADPr-Ras, ADP-ribosylated Ras; Pa, P. aeruginosa.
macrophages and in the absence of P. aeruginosa. More important, an intrinsic pool of active Rab5 was generated sustaining the Rab5 activity up to 20 min in both live and heat-inactivated P. aeruginosa invasion. Although, this observation is redundant for phagocytosis of heatinactivated P. aeruginosa, it was of utmost interest in the case of disabled phagocytic response in live-P. aeruginosainfected macrophages. Thus, it is possible to speculate that when Rab5 is active, ExoS is unable to alter Rab5 function. It is also possible to speculate that due to the fact that Rab5 is being ADP-ribosylated at multiple sites, ExoS may ADP-ribosylate Rab5 residues selectively, which could be conditional on the its nucleotide states (Simon & Barbieri, 2014) . Consistently, we have observed that during phagocytosis of live P. aeruginosa, Rab5 was ADP-ribosylated in control cells (Rab5 is mostly in the GDP-bound form, Fig. 1b ) and in cells expressing Rin1 (Rab5 is mostly in the GTP-bound form; S. Mustafi, unpublished data). Interestingly, ExoS failed to modify the biological function of the GTP defective hydrolysis mutant of Rab5 (i.e. Rab5 : Q79L) Zhang et al., 2007; Deng & Barbieri, 2008; Mustafi et al., 2013) . However, this Rab5 mutant was ADP-ribosylated by ExoS during in vitro studies Deng & Barbieri, 2008; Mustafi et al., 2013) . Therefore, more work should be done to determine the exact mechanism of Rab5 regulation during phagocytosis of P. aeruginosa.
To investigate the molecular mechanism by which Rin1 facilitates generation of Rab5 in the GTP-bound form, a domain-wise analysis of Rin1 was executed in live P. aeruginosa invasion. The Rin1 C-terminal region contributed to a significant upregulation of the phagocytic index for live P. aeruginosa. In contrast, the Rin1 N-terminal region failed to upregulate internalization of live P. aeruginosa.
Further analysis of the individual domains in Rin1 : C (i.e. Vps9 or RA domains) showed no effect on the phagocytic index, suggesting a coordinated activity of both domains toward phagocytosis of live P. aeruginosa. These observations were supported by analysing the fate of the live P. aeruginosa once internalized by macrophages in the presence of either Rin1 : N or Rin1 : C. Our data clearly showed a low survival rate for internalized P. aeruginosa in the presence of the Rin1 : C rather than Rin1 : N domains. Previously, it has been shown that the tyrosine at position 561 in Rin1 was necessary for the Rin1-mediated proper activation of Rab5, and the arginine at position 629 in Rin1 is important in the interaction with active Ras (Galvis et al., 2009b; M. A. Barbieri, unpublished data) . Rin1 constructs with either mutated residues (Y561F or R629A) when expressed in macrophage cells failed to enhance the phagocytic activity of the cells; thus, emphasizing the role of Rab5 and Ras interaction with Rin1 during phagocytosis of live P. aeruginosa.
The RA domain of Rin1 has a role in the interplay between Rin1 and Ras, contributing to an interaction of Rin1 with Ras in the GTP-bound from, suggesting an active RasRin1 interaction is essential for Rab5 activity (Roberts et al., 2000) . Interestingly, we found that Ras was activated as compared to control macrophages in the absence of P. aeruginosa. It was also noticed that live P. aeruginosa infection did not alter Ras activity during early phagocytic time points, and, more important, ADP-ribosylation of Ras was not observed at early time points. Thus, we concluded that Ras remains active during P. aeruginosa invasion. When Ras-Rin1 interaction was analysed in macrophages expressing Rin1, we observed that Rin1 was bound to Ras during early phagocytic time points of live P. aeruginosa invasion, suggesting the potential role of Rin1 as a Ras effector during phagocytosis. Taken together, these data suggest that Ras is active during the phagocytosis of P. aeruginosa and Ras is potentially critical for directing Rin1 as a Rab5-GEF via the Ras-Rin1-Rab5 pathway, which subsequently enhances Rab5 function during phagocytosis. . Ras interacts with Rin1 during phagocytosis of P. aeruginosa in macrophages. Macrophages expressing Rin : FL were incubated with heat-inactivated P. aeruginosa (a) or live P. aeruginosa (b) for various times (1 to 15 min) at 37 8C. After incubation, Ras was pulled down using anti-Ras mAbs. The amount of Rin1 bound to Ras was probed using polyclonal antiRin1 antibody and then quantified as described in Methods. The insets show representative immunoblots of samples probed with anti-Ras (total Ras) and anti-Rin1 (Rin1 bound to Ras and total Rin1) antibodies. Data represent the mean¡SEM of three independent experiments. The asterisks represent statistically significant differences from the control group (P,0.05). NS, Not significant.
The strong correlation of Ras and Rab5 activities, tethered together by Rin1, led us to speculate that this novel cellular mechanism involving the Ras-Rin1-Rab5 complex was able to rescue phagocytic activity in macrophages in the presence of live P. aeruginosa.
In summary, Rin1 is a critical molecule during the phagocytosis of P. aeruginosa in macrophages in which Rab5 and Ras are being distinctly regulated; Rab5 is being inactivated, while Ras remains active. Expression of Rin1 in macrophages generated a transient essential and important cycle of active Rab5 during phagocytosis of live P. aeruginosa, which, at least in part, facilitated the ability of Rin1 to interact with activated Ras and then potentiated Rab5 activity. Therefore, a novel pathway has been illustrated in which phagocytosis of P. aeruginosa was successfully compromised. A possible central Rab5 activity cycle was established by expressing Rin1 protein in conjunction with endogenous Ras (Fig. 6 ). Within the short period of early phagocytic events, Rin1 interacts with activated Ras and potentiates Rab5 activity via the Vps9 catalytic domain. Thus, it could be speculated that Rab5 modification by ExoS disrupts Rin1 interaction with only minor, if any, disruption of Ras-Rin1 interaction in macrophages. Interestingly, Ras proteins in host cells have been shown to be a major target for P. aeruginosa T3S ExoS in an in vitro (McGuffie et al., 1998; Ganesan et al., 1998 Ganesan et al., , 1999 and in an in vivo system where macrophages were incubated with P. aeruginosa for 4 h, but it failed to downregulate constitutively active Ras Ganesan et al., 1999; Jansson, 2006) . However, in addition, it has been found that ExoS-mediated Ras ADP-ribosylation disrupts Ras-GEF interaction rather than Ras-effector interaction (Ganesan et al., 1999) . Similarly, ExoS failed to modify the constitutively active form of Rab5 Deng & Barbieri, 2008; Mustafi et al., 2013) . In any case, further analysis would be required to determine the exact molecular mechanism of the interaction of Rin1 with ADP-ribosylated Ras and Rab5 by ExoS. 
